Reactive oxygen species generated by activated neutrophils can cause oxidative stress and tissue damage. S100A8 (A8) and S100A9 (A9), abundant in neutrophil cytoplasm, are exquisitely sensitive to oxidation, which may alter their functions. Murine A8 is a neutrophil chemoattractant but it suppresses leukocyte transmigration in the microcirculation when Snitrosylated. Glutathione (GSH) modulates intracellular redox, and S-glutathionylation can protect susceptible proteins from oxidative damage and regulate function. We characterized S-glutathionylation of A9; GSSG and GSNO generated S-glutathionylated A8 (A8-SSG) and A9 (A9-SSG) in vitro, whereas only A9-SSG was detected in cytosol of neutrophils activated with PMA, but not with fMLP or opsonized zymosan. S-glutathionylation exposed more hydrophobic regions in Zn 2+ -bound A9 but did not alter Zn 2+ -binding affinity. A9-SSG had reduced capacity to form heterocomplexes with A8 but the arachidonic acid binding capacities of A8/A9 and A8/A9-SSG were similar. A9 and A8/A9 bind endothelial cells; S-glutathionylation reduced binding. We found little effect of A9 or A9-SSG on neutrophil CD11b/CD18 expression, or neutrophil adhesion to endothelial cells.
binding affinity. A9-SSG had reduced capacity to form heterocomplexes with A8 but the arachidonic acid binding capacities of A8/A9 and A8/A9-SSG were similar. A9 and A8/A9 bind endothelial cells; S-glutathionylation reduced binding. We found little effect of A9 or A9-SSG on neutrophil CD11b/CD18 expression, or neutrophil adhesion to endothelial cells. However, A9, A9-SSG and A8/A9 promoted neutrophil adhesion to fibronectin but, in the presence of A8, A9-mediated adhesion was abrogated by glutathionylation. Sglutathionylation of A9 may protect its oxidation to higher oligomers, and reduce neutrophil binding to the extracellular matrix. This may regulate the magnitude of neutrophil migration in the extravasculature, and together with the functional changes we reported for S-nitrosylated A8, particular oxidative modifications of these proteins may limit tissue damage in acute inflammation.
Neutrophils play important roles in innate immune host defense against invading pathogens by producing a respiratory burst that generates reactive oxygen species (ROS) via the NADPH oxidase complex and the myeloperoxidase system (1-2). However, excessive ROS can lead to oxidative stress, inflicting damage to cells and tissues, thereby amplifying inflammation (3) . ROS also fine-tunes the inflammatory responses, depending on the circumstances of production and amounts produced (4) , and can induce reversible or irreversible oxidative modifications to Cys thiols of susceptible proteins. Reversible modifications may protect proteins against permanent oxidative damage and/or modulate their functions but excessive ROS can lead to permanent loss of function and/or cell apoptosis and necrosis that may promote pathogenesis (5) .
Glutathione (GSH) is an abundant antioxidant in cells, and plays a critical role in protection from oxidative damage (6) . Protein Sglutathionylation, the disulfide coupling of a GSH moiety to Cys residues, is the prevalent S-thiolation reaction in biological systems (7) (8) , regulating numerous physiological processes (9) . This modification may be driven by oxidative/nitrosative stress in the presence of endogenous GSH, but can also persist under basal conditions and in reducing environments (10) (11) . It can occur via thioldisulfide exchange with oxidized GSH (GSSG), or reaction of oxidative thiol intermediates such as Snitrosothiols (SNO) with GSH (12) . Removal of GSH is promoted by reduced thiols and changes in intracellular redox, or catalyzed by enzymes such as thioredoxin and glutaredoxin (13) ; reversibility is a key determinant of its physiological relevance in regulating protein function (14) .
Altered levels of S-glutathionylation in some proteins are associated with pathologies such as hyperlipidemia (15) , diabetes (16), Friedreich"s ataxia (17) , diabetes, atherosclerosis and cancer (14) , and identification of targets, and their functional consequences, may be clinically important. Some targets include transcription factors (Jun, NF-κB), enzymes (creatine kinase, HIV-1 protease), and cytoskeletal proteins (actin, tubulin), all of which influence critical pathways in growth, differentiation and metabolism (7, 12) . Phagocytosis induces a respiratory burst in monocytes, resulting in S-thiolation of glyceraldehyde-3-phosphate and concomitant loss of activity (18) . Glutathionylation of the p50 and p65 subunits of NF-κB, a transcription factor with pivotal roles in inflammation and proliferation, inhibits its binding to promoter regions of genes (19) (20) . S-thiolated actin was generated in PMA-activated neutrophils (21) , and may be important in cell spreading and cytoskeletal organization (22) . S100A8 (A8, MRP 8, calgranulin A) and S100A9 (A9, MRP 14, calgranulin B) are highly expressed in neutrophils (comprise ~40% of cytoplasmic proteins (23) ), and induced in numerous cells, including monocytes (24) , macrophages (25) (26) (27) and keratinocytes (28) (29) by inflammatory mediators or oxidative stress. A8 and A9 heterocomplexes (A8/A9) are secreted following neutrophil activation (30) , or released as a result of necrosis (31) , and have chemotactic (32) , antimicrobial (33) (34) , pro-apoptotic and antiproliferative (35) (36) activities. A9 mediates neutrophil adhesion to fibronectin, fibrinogen and endothelial cells via activation of β2 integrins, suggesting a role in leukocyte transmigration (32, 37) . A9 may also modulate the resolution of inflammation by suppressing macrophage activity following phagocytosis of apoptotic neutrophils (38) . A9 suppressed A8-mediated NF-κB activation in murine bone marrow cells (39) . Intracellularly, the heterocomplex transports arachidonic acid (AA) (40) which is implicated in NADPH oxidase activation (41) . A9 enhances A8 binding to tubulin and A8-mediated microtubule polymerization in resting phagocytes. Phosphorylation of A9, mediated by p38-MAPK following phagocyte activation, may regulate cytoskeletal rearrangements that promote migration, a property supported by the impaired transendothelial migration of A9 -/-neutrophils (42) .
A8 and A9 are readily oxidized by ROS/RNS which promote structural changes that alter their functions. Oxidation of murine A8 to disulfidelinked dimers (43) or intermolecular sulfinamidelinked complexes (44) abolished its chemotactic activity, and the fugetactic activity of human A8 and A9 is regulated by oxidation (45) (46) . A8 and A9 are more susceptible to oxidation by HOCl than low density lipoprotein (LDL) (47) and their exquisite capacity to scavenge ROS makes them primary candidates for protecting cells against oxidative stress in a localized environment. Recently, we showed that A8 and A9 are S-nitrosylated by the physiological NO donor S-nitrosoglutathione (GSNO) in vitro; A8 is more susceptible and A8-SNO suppressed mast cell-mediated inflammation by reducing leukocyte adhesion and extravasation in the rat mesenteric microcirculation (48) . Moreover, both proteins are upregulated in microvascular endothelial cells by pro-inflammatory mediators such as IL-1β or TNF-α (49) and oxidative changes in the microcirculation during inflammation may alter functions of these proteins in endothelial cells.
Here we show that A9 in neutrophils is Sglutathionylated following activation. Sglutathionylated A8 (A8-SSG) and A9 (A9-SSG) were generated with GSNO and GSSG in vitro whereas only A9-SSG was detected in neutrophils activated with PMA. The single Cys 3 residue of A9, the site of GSH addition, is present only in the full length form, which accounted for ~72% of total A9 in neutrophils. Structural changes in A9-SSG apparently altered its affinity for complex formation with A8, but did not affect the capacity of A8/A9 to bind AA. A9 binding to endothelial cells is implicated in their activation (50) ; significantly less A9-SSG and A8/A9-SSG bound HMEC-1 endothelial cells compared to the unmodified forms, likely due to differences in protein conformation. Moreover, unlike A8/A9, A8/A9-SSG did not induce neutrophil adhesion to fibronectin. We propose that glutathionylation may protect A9 from oxidative damage in activated neutrophils, and may limit leukocyte exudation in inflammatory lesions.
EXPERIMENTAL PROCEDURES
General -Reagents and chemicals were analytical grade (Sigma, St. Louis, MO; BioRad, Richmond, CA), and solvents HPLC grade (Mallinckrodt, Clayton South, Australia). GSNO, GSH (reduced form), and GSSG were from Sigma. Recombinant human A8 and A9, and rabbit IgG raised against human A9 were produced as described (51) ; recombinant preparations were stored at -20ºC under argon to prevent oxidation. Liquid chromatographic separations were performed using a non-metallic LC626 HPLC system (Waters, Milford, MA), monitored at A 201-280 with a Waters 996 photodiode array or 490 UV-visible detector. C4 and C18 RP-HPLC columns (300 Å, 5 µ, 250 x 4.6 mm) were from Vydac, The Separations Group (Hesperia, CA).
Generation and characterization of A9-SSG -A9 (50 µg, ~3.6 nmol) was incubated with GSNO (1 mM) or GSSG (1 mM) ± CaCl 2 (1 mM) or ZnCl 2 (50 µM) in Tris buffer (10 mM Tris-HCl, pH 7.4) at RT for 1 h. Products were separated by C4 RP-HPLC in a gradient of 25-70% (v/v) CH 3 CN, 0.1% (v/v) trifluoroacetic acid (TFA) at 1 ml/min over 25 min. Fractions with positive A 214 absorbance were collected and lyophilized before LC/ESI-MS analysis. To determine the site of glutathionylation by peptide mapping, C4 RP-HPLC-isolated A9 (~100 µg) that was previously treated with GSSG or untreated, was digested with endoprotease AspN (sequencing grade; Roche, Castle Hill, Australia) in ammonium bicarbonate (50 mM, pH 8.0, at enzyme to substrate ratio (w/w) of ~1:100) at 37°C for 12 h. Peptide samples (5 Isolation of full-length and truncated (A9*) A9, and A9-SSG from neutrophils -Human neutrophils (2 x 10 7 /ml) were isolated from citrated blood from 5 individual donors using density gradient centrifugation with Ficoll-Paque Plus (Pharmacia Biotech, Uppsala, Sweden). Cells were lyzed by three freeze/thaw cycles in 100 µl PBS, centrifuged at 14,000 x g for 5 min, and supernatants immediately separated by C4 RP-HPLC in a gradient of 40-55% (v/v) CH 3 CN, 0.1% (v/v) TFA over 25 min to achieve partial separation of the two isoforms. Major fractions at A 214 were collected for LC/ESI-MS analysis and relative concentration of the two isoforms calculated by comparison of peak areas over total protein peak area of all HPLC fractions. Neutrophils (4 x 10 6 /ml) were incubated with 1 µg/ml phorbol myristate acetate (PMA; Sigma), 1 µg/ml ionomycin (Sigma), 1 mM EDTA (Sigma), or the combination in PBS (25 mM phosphate, 250 mM NaCl, pH 7.5) at 37°C for 15 min, and harvested by centrifugation. Alternatively, neutrophils were incubated with 1 µM N-formylMet-Leu-Phe (fMLP; Sigma) or opsonized zymosan (0.5 mg/ml prepared according to Markert et. al. Some mass spectra were acquired using a QStar MS system equipped with a nano-ESI source (QStar Pulsar i, Applied Biosystems, Foster City, CA; mass accuracy of < 50 ppm). Because the many HPLC fractions from neutrophil lysate samples would require an extensive number of MS runs, masses of proteins from these samples were determined using LC/MS with single quadrupole MS (1100 MSD; Agilent, San Jose, CA). Nitrogen was the nebulizer gas, and samples were ionized at a positive potential of 4 kV, then transferred to the mass analyzer with a fragmentor voltage (capillary to skimmer lens voltage) of 225 V. Spectra were acquired over m/z 600-2000, with a cycle time of 2 s. Each series of multiple-charged ion was deconvoluted using the manufacturer"s software (Chemstation Ver A.09.01), with mass accuracy of ± 0.01%.
Immunofluorescence staining -To examine the possibility that A9-SSG translocates to specific cellular structures following activation, neutrophils (2 x 10 6 /ml) untreated, treated with 1 µg/ml PMA+ionomycin, 1 µM fMLP, or 0.5 mg/ml opsonized zymosan in PBS for 15 min at 37°C, were diluted 1:10 (v/v) in 50% (v/v) BCS/RPMI-1640 and centrifuged onto glass slides at 500 rpm for 5 min using a Cytospin 3 cytocentrifuge (Shandon Life Sciences, Astmor, UK). Samples were fixed with 4% (w/v) paraformaldehyde in PBS, permeabilized with PBS containing 0.5% (w/v) saponin and 0.1% (w/v) BSA, and then blocked with 1% (w/v) BSA in PBS for 1 h. For double immunofluorescence, cells were incubated with anti-A9 IgG (5 µg/ml) or normal rabbit IgG (5 µg/ml), together with murine monoclonal antibodies against GSH (5 µg/ml; Abcam, Cambridge, MA) or isotype control (5 µg/ml) for 2 h at RT. After washing with PBS, cells were incubated with Alexa 488-conjugated anti-mouse IgG and Alexa 568-conjugated anti-rabbit IgG (1:200, Molecular Probes, Eugene, OR) for 1 h in the dark, washed, and nuclei stained with 4", 6"-diamidino-2-phenylindole (DAPI, 0.3 µM in PBS; Sigma) for 10 min. Confocal microscopy was performed using an Olympus FV1000 inverted microscope and images processed using Adobe Photoshop 9.0 (Adobe Systems Inc.)
Ion binding activity of A9 and A9-SSG -The 1-anilino-8-naphthalene sulfonic acid (ANS) fluorimetry was used to evaluate whether glutathionylation of A9 affected its ion-binding capacity. ANS (60 µM) was added to A9 or A9-SSG (20 µM) in Tris buffer in 96-well plates (Greiner) with 1 mM EDTA, 1 mM CaCl 2 , 50 µM ZnCl 2 or the combination. For Zn 2+ titration studies, increasing concentrations of ZnCl 2 (0-150 µM) were used, and emission spectra measured at 10 nm intervals between 420-600 nm, with an excitation wavelength of 385 nm on a SpectraMax spectrophotometer (Molecular Devices, Sunnyvale, CA) using SoftMaxPro software. GraphPad Prism (V5 Windows GraphPad, San Diego, CA) was used to fit non-linear regression curves using the Hill Arachidonic acid (AA) binding capacity of A8/A9 and A8/A9-SSG -To determine if glutathionylation of A9 affected its AA binding capacity, A8 and A9 or A9-SSG (100 µM) were incubated with 50 µM AA and binding carried out as described (53) with some modifications. Supernatants (200 µl) of samples after incubation with 50% (v/v) hydroxyalkoxypropyl dextran type VI (Sigma) suspension to remove unbound AA were separated by C18 RP-HPLC in a gradient of 40-80% (v/v) CH 3 CN, 0.1% (v/v) TFA over 50 min. HPLC separation of A8, A9/A9-SSG and AA generated peaks absorbing at A 214 which were collected for LC/ESI-MS analysis. Relative abundance of AA, A8, A9 or A9-SSG was determined from the calculated area of their corresponding peaks. AA binding affinities of A8/A9 and A8/A9-SSG were assessed as ratio of peak area of bound AA over peak area of A8.
Expression of β2 integrin and neutrophil adhesion -To examine the effect of A9 glutathionylation on β2 integrin expression, human dextran-sedimented white blood cells (1 ml) from 6 individual donors were washed twice in 20 mM HEPES, pH 7.5 in HBSS containing 1 mM Ca 2+ , 1 mM Mg 2+ and 10 µM Zn 2+ before incubation (~5 x 10 4 cells; 50 µl) with A9, A9-SSG or fMLP (1 µM) for 30 min at 37ºC. Phycoerythrin (PE)-conjugated anti-CD11b (BD Biosciences, San Jose, CA), anti-CD18 (BD Biosciences), anti-CBRM (activationspecific CD11b epitope; eBiosciences, San Diego, CA) antibodies or appropriate IgG isotype controls (BD Biosciences) were added for 15 min at RT, cells washed and fixed in 2% (w/v) paraformaldehyde, and analyzed using a FACScan flow cytometer (Becton Dickinson, San Jose, CA). In all experiments, 10,000 events were collected from a large gate that included polymorphonuclear cells (PMN) but excluded monocytes, lymphocytes and debris.
A9 induces neutrophil adhesion to fibronectin (37), and to investigate if glutathionylation affected this, the Real-time Cell Analyzer (RTCA) xCELLigence system (Roche) was used to monitor neutrophil adhesion (54). 96-well E-Plates, which contain electrodes that measure cell index (CI) based on impedance (CI correlates with the number of cells attached) (54), were coated with 50 µg/ml fibronectin (Sigma), incubated at 4ºC overnight, then blocked with 1% (w/v) BSA/PBS for 2 h. Neutrophils (5 x 10 6 cell/ml) from 3 individual donors were treated with A8, A9, A9-SSG, A8/A9, A8/A9-SSG (1 and 2.5 µM) or fMLP (1 and 2.5 µM) in 1% (w/v) BSA/RPMI-1640, and immediately transferred to each well (100 µl/well; 5 x 10 4 neutrophils/well). CI was measured every 15 s for 2 h, and directly relates to numbers of neutrophils that adhered to fibronectin. Treatments were performed in triplicate; mean CI values ± SD were obtained using RTCA Software 1.2 (Roche).
Effect of A9 and A9-SSG on neutrophil adhesion to HMEC-1 microvascular endothelial cells (provided by Prof. L.M. Khachigian, UNSW) was investigated. HMEC-1 were cultured in MCDB 131 media (Gibco-Invitrogen, Carlsbad, CA) supplemented with 10% (v/v) FBS, 10 ng/ml epidermal growth factor (Sigma), and 1 µg/ml hydrocortisone (Sigma) (55) in 96-well plates, and neutrophil binding assayed as described (32) .
A9 and A9-SSG binding and activation of HMEC-1 -A9 and A8/A9 are reported to bind and activate endothelial cells (50) , and to investigate the effect of A9 glutathionylation on binding, A8, A9, A9-SSG, A8/A9 or A8/A9-SSG (1 µM) were incubated with HMEC-1 in 96-well plates for 2 h at 37ºC. Plates were washed, incubated with biotinylated anti-human A9 IgG (5 µg/ml) in PBS for 1 h, and developed as described (48) . A 450 was measured (Titertec Multiscan MCC/340; Labsystem, Helsinki, Finland) and data were normalized to the total absorbance of each experiment after background subtraction.
To determine if A9-SSG altered expression of some inflammation-associated genes reported to be induced by A9 (50), HMEC-1 were plated onto 12-well plates (2.5 x 10 5 /well), grown to confluence, and stimulated with A8, A9, A9-SSG, A8/A9, A8/A9-SSG (20 µM), TNF-α (25 ng/ml) or media control for 6, 12 or 24 h before extracting total RNA with Trizol (Invitrogen). RNA was isolated and real time RT-PCR performed as described (26) using the following primers: β-actin: 5"-CATGTACGTTGCTATCCAGGC-3" and 5"-CTCCTTAATGTCACGCACGAT-3", IL-8: 5"-GCCTTCCTGATTTCTGCAGCT-3" and 5"TGCACTGACATCTAAGTTCTTTAGC AC-3", ICAM-1:5"AGAGGTCTCAGAAGGGA CCG-3" and 5"-GGGCCATACAGGACACGA AG-3", VCAM-1: 5"-GCTGCTCAGATT GGAGACTCA-3" and 5"-CGCTCAGAGGGC TGTCTATC-3". Relative mRNA levels in duplicate samples were obtained using the ΔC T method and normalized to β-actin as the endogenous control. Statistical Analysis -Data were analyzed using ANOVA (or repeated measures ANOVA when neutrophils from different blood donors were used) followed by Dunnett post test to compare at MUSC Library, on March 29, 2010 www.jbc.org Downloaded from differences between treatment and control, or by Bonferroni post test for multiple comparisons. All values are reported as means ± SD. Statistical significance was set at p < 0.05.
RESULTS
Characterization of A9-SSG. Recombinant (r)A9 treated with GSNO or GSSG was eluted from C4 RP-HPLC and masses determined. Both generated an additional component with retention time of 15.95 min compared to untreated A9, which contained two components (Fig. 1A) the masses of which corresponded to A9 monomer (retention time 16.3 min) and disulfide-linked dimer (retention time 16.8 min). This indicated some spontaneous oxidation of A9, and GSSG treatment increased relative abundance of the dimer (retention time 16.8 min).
The deconvoluted ESI mass spectra (insets) of the uncharacterized component generated by GSNO (Fig. 1B) or GSSG (Fig. 1C) indicated a major product of 13560 Da, identical to the theoretical mass addition of GSH (+307 Da) and subsequent loss of two hydrogen molecules (-2 Da) on rA9 (13255 Da). An additional modification, likely corresponding to A9-SNO (13285 Da), with mass addition of NO and loss of a hydrogen molecule (+29 Da), was also generated by GSNO treatment although A9-SSG was more abundant (ratio 1:3.75) (Fig. 1B) . MS analysis of the A9 1-30 -SSG peptide, generated following AspN digestion of A9-SSG, indicated a mass increase of 305 Da (3737 Da) compared to the theoretical mass of A9 (3431 Da) (not shown), suggesting the site of glutathionylation to be Cys 3 . Other modifications were mass additions of 16 and 321 Da, likely corresponding to oxidation of a single Met residue to Met sulfoxide in A9 (13271 Da; Fig. 1C ) and A9-SSG (13577 Da; Fig. 1B and 1C ). A9-SSG products were generated in similar yields when A9 was treated with GSSG in the presence of Ca 2+ and/or Zn 2+ . GSH (1 mM) spontaneously converted Cys 3 -A9-SSG to the natural A9 monomer with ~65% conversion within 1 h (not shown).
Relative abundance of A9 and A9* in neutrophils. Two isoforms of A9, the full length and the truncated (A9*) form ( Fig. 2A) , are found in neutrophils, the latter generated from an alternate translation start site at Met 5 (56) but there is no information concerning their relative abundance. The isoforms were partially resolved by C4 RP-HPLC, with retention times of 13.1 min (peak 1) and 14 min (peak 2) (Fig. 2B) . The deconvoluted ESI mass spectra of peak 1 (Fig. 2C ) and peak 2 (Fig. 2D) indicated components of 13152 Da and 12690 Da, identical to the theoretical masses of A9 after removal of the N-terminal Met residue and acetylation of Thr 2 , and of A9* after N-terminal Met removal and Ser 6 acetylation as described (57) . Masses likely corresponding to Met oxidation on A9 (13169 Da) and A9* (12705 Da) were also detected. To determine the relative abundance of A9 and A9*, neutrophil cytosol from 5 healthy donors was separated, and areas under HPLC peaks indicated that full-length A9 was the predominant form, constituting ~ 71.9 ± 1.05% of total A9.
S-glutathionylation of A9 is generated by neutrophil activation. A8 and A9 in neutrophil cytosol were readily separated by C4 RP-HPLC, with retention times of 15 min and 16 min, respectively (Fig. 3A) . PMA (Fig. 3B) or PMA+ionomycin (Fig. 3C ) treatment generated additional components with retention time of 15.7 min ( ‡, Fig. 3A ). The ESI mass spectra (insets) of these, when deconvoluted, contained products with masses 13152 Da and 13457 Da, likely corresponding to A9 and A9-SSG (mass addition of GSH (+307 Da) and loss of two hydrogen molecules (-2 Da)). Retention times and masses of native A9 and A9-SSG were different to those of the recombinant proteins (Fig. 1B and 1C ) because of the additional Gly and Ser residues engineered to produce a thrombin cleavage site in the recombinant protein (51) , and the post-translational processing in the native protein (57) .
Additional A9 adducts were also generated; masses and proposed modifications are shown in Table 1 . These may correspond to cysteinylation (13272 Da; +120 Da), following activation with PMA+ionomycin, oxidation of a single Met residue in A9 to Met sulfoxide (13168 Da; +16 Da) or Met sulfone (13185 Da; +33 Da), phosphorylation of a single residue and Met sulfoxide (13249 Da; +97 Da), and an uncharacterized modification of +283 Da. Products with mass corresponding to A9-SSG were not found in the cytosol of untreated neutrophils or those treated with ionomycin alone, although possible A9 modifications in ionomycintreated neutrophils included Met sulfoxide and sulfone, and disulfide-linked A9 (not shown). Contrary to earlier studies (58), we found no evidence of A9 phosphorylation (theoretical mass addition of 80 Da) promoted by ionomycin.
fMLP or opsonized zymosan generated several modifications in A9, although products with mass corresponding to A9-SSG were not detected. Products with masses possibly corresponding to phosphorylated A9, Met oxidation to Met sulfoxide and sulfone, and the disulfide-linked dimer were found in preparations from fMLP-treated neutrophils. Opsonized zymosan predominantly generated products that likely corresponded to disulfide-linked A9 dimer. Some products with masses similar to phosphorylated A9 and Met sulfone were detected in low abundance (Table 2) .
Co-localization of A9 and GSH in activated neutrophils. A9 translocates with A8 from the cytoplasm to cytoskeletal components in the plasma membrane of phagocytes following stimulation with agents that increase [Ca 2+ ]i (59-60) and/or promote activation (61) . Immunofluorescence staining was performed to investigate possible A9 co-localization with GSH in neutrophils, and whether glutathionylation was co-incidental with translocation of A9 in activated cells. Strong red fluorescence was evident in the cytoplasm of untreated neutrophils stained with anti-A9 IgG (Fig.  4A , upper panel), consistent with its high constitutive expression in these cells (62) . Strong GSH reactivity (green fluorescence, Fig. 4A , middle panel) was also detected, in agreement with the expected high intracellular GSH concentrations (63) . The merged image (Fig. 4A, lower panel) shows some overlapping A9 and GSH reactivity in the cytoplasm and around the cell membrane. The anti-GSH antibodies (Abcam) recognize free intracellular GSH and glutathionylated protein complexes, and co-localization of staining may indicate low levels of glutathionylated A9 complexes in unstimulated neutrophils. However, A9-SSG was not detected in untreated neutrophils by ESI-MS, but may have been generated transiently or as a consequence of neutrophil adhesion during slide preparation, or be present in amounts below the level of detection using ESI-MS. No reactivity (inset, Fig. 4A ) was apparent in neutrophils stained with rabbit IgG and IgG2a isotype control.
Contrary to studies reporting Ca 2+ -dependent translocation of A9 to the plasma membrane in activated phagocytes (64), no changes in staining patterns were observed in neutrophils treated with PMA+ionomycin or fMLP compared to untreated cells. A9 and GSH reactivity (red and green fluorescence, respectively) was seen in the cytoplasm and around the cell membrane (Fig. 4B) of PMA+ionomycin-treated neutrophils, and the merged image (Fig. 4B, lower panel) indicates strong co-localization of A9 with GSH. Similar A9 reactivity was observed in fMLP-treated neutrophils (Fig. 4C, upper panel) although the staining intensity for GSH was less (Fig. 4C, middle panel) and the merged image (Fig. 4C, lower panel) indicates little co-localization of A9 and GSH reactivity, which was principally intra-cytoplasmic.
When neutrophils were activated with opsonized zymosan, A9 (Fig. 4D, upper panel) and GSH (Fig. 4D, middle panel) localized around the zymosan, possibly in phagosomal membranes. Although A9-SSG was not detected in neutrophils treated with opsonized zymosan, the strong overlap of A9 and GSH reactivity in the merged image (Fig.  4D, lower panel) suggests co-localization, possibly associating with membrane components that would not have been present in the cytosolic fraction used for separation and ESI-MS analysis.
Ion binding affinity of A9 and A9-SSG. S100B and S100A1 are susceptible to glutathionylation (65) and S100A1-SSG had increased affinity for Ca 2+ (66) . To address whether A9 glutathionylation altered its ion-bound structure and its affinity for bivalent cations, Ca 2+ -and Zn 2+ -dependent changes in hydrophobic matrices of A9 and A9-SSG were determined using ANS fluorescence. Compared to the apo (unbound) forms, Ca 2+ -bound A9 and A9-SSG showed similar increases in fluorescence, indicating that Ca 2+ binding induced similar conformational changes in the tertiary structures of both forms (not shown). In contrast, the larger increase in fluorescence observed for Zn 2+ -bound A9-SSG compared to Zn 2+ -bound A9 (Fig. 5 ) indicates that Zn 2+ -induced conformational changes in A9-SSG likely exposed more hydrophobic regions on protein surface compared to those generated with A9. Effects were additive with increasing concentrations of Zn 2+ . A9 had a Zn 2+ disassociation constant (K d ) of 11 ± 0.4 µM and A9-SSG had a similar K d value of 8.9 ± 0.1 µM (Fig. 5 (41, 67) , possibly because these ions induce structural changes that regulate AA binding. Considering the structural differences in Zn 2+ -bound A9-SSG and A9, we examined if AA binding was affected but found that A8/A9 and A8/A9-SSG bound AA with similar capacities (not shown).
Effect of A9 and A9-SSG on integrindependent neutrophil adhesion to fibronectin and HMEC-1. A9-SSG may be secreted following neutrophil activation or released by necrotic neutrophils, and may mediate specific extracellular processes. Given the highly oxidizing conditions in the extracellular space in inflammation, A9-SSG may remain relatively stable, and may have at MUSC Library, on March 29, 2010 www.jbc.org Downloaded from functions distinct from A9. Because A9 is reported to upregulate β2 integrins CD11b and CD18 (the Mac-1 complex) on neutrophil surface (32, 37) , and to promote expression of a high affinity "activationspecific epitope" (CBRM) on CD11b (68), we investigated whether glutathionylation altered these functions. Compared to untreated cells, the mean channel fluorescence of CD11b, CD18 and CBRM increased when leukocytes were stimulated with fMLP, confirming upregulation and activation of CD11b and CD18 (Fig. 6A, *p < 0.05) . Stimulation of leukocytes with A9 or A9-SSG (n=6; separate donors) generated smaller increases which were not significant compared to untreated controls (Fig.  6A) ; neutrophils from 3 of 6 donors responded weakly to A9 and glutathionylation did not affect these.
A9 also promotes neutrophil adhesion to fibronectin via β2 integrin activation (37) , and although we found no significant upregulation of CD11b/CD18, we tested whether glutathionylation of A9 altered adhesion. Real-time analysis of neutrophil adhesion to fibronectin using the xCELLigence system (supplemental Fig. 1 ) showed dramatic linear increases in cell index (CI) of neutrophils treated with fMLP, A9, A9-SSG or A8/A9; maximal CI, indicative of saturated adhesion, was observed ~1 h after neutrophil treatment. On the other hand, neutrophils treated with A8/A9-SSG or A8 had low CIs with little obvious increase compared to untreated cells. The compiled data from 3 donors indicated that fMLP significantly increased neutrophil adhesion to fibronectin in a dose-dependent manner compared to control ( Fig. 6B ; *p < 0.01). A9 and A9-SSG also dose-dependently increased adhesion, to levels comparable to those induced by fMLP ( Fig. 6B ; *p < 0.01). A8 had no effect. A8/A9 promoted neutrophil adhesion to fibronectin, to levels similar to those induced by A9 or A9-SSG (*p < 0.01), indicating that A8 did not modulate the effect of A9. In marked contrast, A8/A9-SSG failed to promote adhesion and levels were significantly less than those of A8/A9 ( Fig. 6B ; **p < 0.01) and not significantly higher than untreated control.
We also investigated if A9 glutathionylation affected neutrophil adhesion to HMEC-1 cells, and found that A9, A9-SSG, A8/A9 and A8/A9-SSG promoted only slight and statistically insignificant adhesion, inducing ~3-fold less neutrophil adhesion compared to fMLP. A8 had no effect (not shown).
Effect of A9 and A9-SSG on HMEC-1 cells. A8 and A9 may be deposited onto the endothelium by extravasating leukocytes (69) and A9 binds endothelial cells in a Ca 2+ -and Zn 2+ -dependent manner via heparin and heparan sulfate proteoglycans (69) (70) and/or carboxylated Nglycans (71) . Because A9-SSG was generated in activated neutrophils, we investigated if glutathionylation affected its capacity to bind HMEC-1 cells. A9, A9-SSG, A8/A9 and A8/A9-SSG binding was detected using biotinylated anti-A9 IgG. Significantly more A9 and A8/A9 bound compared to A9-SSG and A8/A9-SSG ( Fig. 7A ; *p < 0.01), indicating that glutathionylation reduced A9"s binding capacity. Somewhat more A8/A9 and A8/A9-SSG heterocomplexes bound HMEC-1 than the individual A9 subunits, in accordance with published results showing higher binding affinity of the complex (55) . A9 binding to endothelial cells is implicated in regulation of leukocyte migration, possibly by inducing adhesion molecules (50) . Hence, we investigated if A9-SSG affected ICAM-1 and VCAM-1 expression on HMEC-1. TNF-α increased ICAM-1 and VCAM-1 mRNA > 1000-fold and IL-8 mRNA > 100-fold compared to untreated control ( Fig. 7B ; *p < 0.01). However, in contrast to the previous report (50), we found no ICAM-1, VCAM-1 or IL-8 induction by A9 or A8/A9, and no effect of A9-SSG or A8/A9-SSG (Fig. 7B) .
DISCUSSION
Responses of cells to oxidative stress typically involve changes in thiol content, and Sthiolation is an important protective mechanism that can regulate functions of susceptible proteins (9, 72) . A8 and A9, abundant in neutrophil cytosol, are extremely sensitive to oxidation by ROS/RNS (43, (47) (48) , and oxidative modifications alter several functions (43) (44) (45) 73) ; we proposed that they may act as an oxidant sink. Human A8 and A9 are induced in neovessels at inflammatory sites (47) and are readily S-nitrosylated, and A8-SNO may modulate blood vessel homeostasis (48) . Hence, changes in intracellular/extracellular redox are likely to regulate their functional properties. Moreover, their dependence on IL-10 for induction in activated human monocytes/ macrophages by TLR-3 and -4 ligands (26) , and their enhanced expression in various cells by anti-inflammatory agents such as corticosteroids (25) implicates A8 and A9 in resolution of inflammation.
S-glutathionylation is a reversible modification that can regulate functions of numerous proteins (9, 72) including signaling and adhesion molecules, cytokines and enzymes associated with inflammation (reviewed in (14)). Thus, glutathionylation of A8 and/or A9, at MUSC Library, on March 29, 2010 www.jbc.org
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particularly following phagocyte activation, may have important regulatory implications. However A9 is expressed in two forms in neutrophils, due to an alternate translation start site encoding Met 5 (56) , and truncated A9* (A9 ) lacks the single Cys present in full-length A9 (Fig. 2A) . Relative expression levels of these isoforms may be important because they are likely to have some functional distinctions, particularly as A9* would not be S-glutathionylated or S-nitrosylated. We first determined the relative levels of these isoforms in neutrophil cytosol and established that full-length A9 comprised ~ 70%, and A9* ~ 30% of total A9.
S-glutathionylated adducts of recombinant A8 and A9 were generated by GSNO or GSSG in vitro and confirmed by ESI-MS; Ca 2+ or Zn 2+ did not alter reactivity. Formation was reversed by GSH (not shown). Glutathionylation with GSSG likely occurred via thiol-disulfide exchange as proposed (74) . GSNO generated S-nitrosylated and Sglutathionylated A8 (48) and because GSNO can promote S-glutathionylation via S-nitrosothiol intermediates (75), we tested this possibility and confirmed generation of A9-SSG (Fig. 1B) .
Neutrophil activation generates superoxides via the NADPH oxidase complex, subsequently producing other ROS (76) . Early studies of Sthiolated proteins in PMA-activated neutrophils using Tran- 35 S labeling demonstrated ~3-5% Sthiolation, predominantly glutathionylation, of a 14 kDa protein that increased over 30 min activation and was reduced by dithiothreitol. This is likely to be A9 because the protein was described as "the most abundant band in neutrophil extracts" (21) . To analyze modifications of A8 and A9 following neutrophil activation, cytosolic proteins were separated by HPLC and analyzed by ESI-MS. Products likely corresponding to A9-SSG were generated by PMA or PMA+ionomycin stimulation (Fig. 3B, 3C ) whereas none was separated from unstimulated cell lysates. Little co-localization of A9 with GSH was obvious in unstimulated neutrophils (Fig. 4A ) but increased following PMA+ionomycin stimulation (Fig. 4B) , suggesting A9-SSG complexes. A9-SSG was not detected in the cytosol of neutrophils activated with opsonized zymosan or fMLP (Table 2 ) although in opsonized zymosan-activated cells, A9 and GSH co-localized around the plasma membrane, and possibly the phagosomal membrane (Fig. 4D) . Similarly, A9 associates with neutrophil phagosomes following phagocytosis of antibody-and complement-coated latex beads (77) . Thus, A9 may associate with GSH in particular cell compartments. Little colocalization of A9 with GSH was obvious in neutrophils activated with fMLP (Fig. 4C) , consistent with the apparent absence of A9-SSG in cytosol extracts from this population. Apart from actin (21), the subcellular localization of glutathione-protein adducts in activated neutrophils is virtually unexplored although studies in other cells indicate their presence in various compartments (reviewed in (78)). Our data suggest that A9-SSG may be generated in particular compartments, depending on the stimulus, and may have functional differences that warrant further investigation.
Due to its relative abundance and stability, we focused on structural characterization and functional consequences of A9 glutathionylation. This modification did not alter its Ca 2+ or Zn 2+ binding affinities although conformational changes indicated increased surface hydrophobicity upon Zn 2+ binding (Fig. 5) . Thus, in certain microenvironments, particularly following neutrophil activation that promotes A9 translocation from the cytosol to the membrane, glutathionylation of A9 may facilitate interactions with lipid environments within membranes (64) or with other hydrophobic components such as fatty acids (79) . In a preliminary attempt to assess the ability of A8 and A9 to form complexes using cross-linking, we found that A9-SSG may have reduced capacity to form the heterocomplex, but may preferentially form more higher-order A9 homocomplexes (not shown). Several intracellular functions are dependent on A8/A9 heterocomplex formation (53, 80) , and differences in the Zn 2+ -bound conformation of A9-SSG, and its propensity to form homocomplexes are likely to alter function. To test this, we examined AA binding (53) but found that binding capacities of A8/A9 and A8/A9-SSG were similar.
Formation of thiol disulfides may protect key proteins including A9 from forming irreversible Cys adducts such as sulfenic and sulfonic acid derivatives during oxidative stress (81) . This may be particularly relevant given that A9 is secreted (30) or passively released by dying neutrophils (31) into the extracellular inflammatory environment (82) (83) which is substantially more oxidizing.
A8 and A9 mediate leukocyte migration to inflammatory sites (84) (85) . They are released from neutrophils during inflammatory responses induced by LPS (85), IL-1β and TNF (30, 86) , and chemoattractants such as activated complement, C5a and fMLP (87) . A8/A9 is deposited on the inflamed endothelium by transmigrating leukocytes (69) (70) , and may promote leukocyte-endothelial cell interactions (88) . A9, but not the A8/A9 complex, is reported to promote neutrophil adhesion via β2 integrins (32, 37) , and to bind (69, 71) and activate endothelial cells (50) . However, contrary to previous reports (32,37,68), we found no significant induction and/or activation of CD11b or CD18 (αMβ2 subset of β2 integrins) on neutrophils stimulated with A9 or A9-SSG (Fig. 6A) . Large variations in leukocyte responses to A9 or A9-SSG stimulation were observed between donors, and could have contributed to the discrepancies; neutrophils from 3 of 6 donors responded to A9 in the reported fashion but glutathionylation had no effect.
Neutrophil adhesion to the extracellular matrix is essential for neutrophil migration, particularly of the extravasated population (89) . A9 increases neutrophil adhesion to fibronectin (37), a process predominantly mediated by interactions of β1 and β3 integrins with extracellular matrix proteins (89) although an alternate β2 integrin subset is implicated in A9-mediated responses (37) . We confirmed that neutrophils stimulated with A9 or A8/A9 were significantly more adherent to fibronectin, to levels comparable with fMLP; A9-SSG promoted somewhat higher adhesion (Fig. 6B) . In marked contrast, adhesion of A8/A9-SSG-treated neutrophils was not significantly different to control values (Fig. 6B) . Differences in reactivity of the A8/A9-SSG heterocomplexes may be due to conformational changes, and A8 was required for negative regulation. Results here infer that the A8/A9-SSG complex may limit neutrophil migration in the extravascular compartment, another protective process that could limit the extent of inflammatory exudates. Moreover, significantly less A9-SSG and A8/A9-SSG bound endothelial cells compared to the unmodified forms (Fig. 7A) . However, in contrast to earlier studies (50), we found no significant induction of ICAM-1, VCAM-1 or IL-8 mRNA in HMEC-1 stimulated with A9, A9-SSG, A8/A9 or A8/A9-SSG over 6 (Fig. 7B) , 12 or 24 h (not shown). A9 also affects endothelial cell integrity and transendothelial resistance, possibly by disrupting intracellular junctions (50) and effects of A9-SSG are worthy of investigation.
Several additional A9 modifications were observed. Similar to the generation of disulfidelinked A8 in opsonized zymosan-activated neutrophils (90) , this treatment may produce disulfide-linked A9 (Table 2) , likely via HOCl -and/or H 2 O 2 oxidation, as these oxidants generated similar modifications in previous studies (43, 91) . Thus, particular stimulants that produce different levels/types of ROS may determine the oxidative changes in the S100 proteins.
Products with mass similar to phosphorylated A9 were detected in fMLP-and opsonized zymosan-treated neutrophils (Table 2) , consistent with earlier reports of Thr 113 phosphorylated A9 and A9* in neutrophils and monocytes activated with fMLP (92) (93) . Unexpectedly, this was not found in ionomycin-stimulated neutrophils (23) . A mass addition of 97 Da, detected in A9 from PMA-treated neutrophils (Fig. 3B, Table 1 ), may correspond to phosphorylated A9 (+80 Da) containing Met sulfoxide (+16 Da). Mass additions of 16 and 33 Da, likely corresponding to Met oxidation to Met sulfoxide or sulfone in A9, were consistently detected in PMA-, ionomycin-and fMLP-treated neutrophils (Tables 1 and 2 ). Although beyond the scope of this study, these modifications are likely to have important functional consequences (94) . Met residues on the surface of some proteins are exceptionally susceptible to oxidation and are considered oxidant scavengers (95) . Oxidation to Met sulfoxides in some proteins such as HIV-2 protease (96) and β-amyloid peptide (97) alters their activity, and this can be readily reversed by methionine sulfoxide reductases (Msr) (98) which are highly expressed in neutrophils (99) . Full-length human A9 contains five Met residues (Met 5 , Met 63 , Met 81 , Met 83 and Met 94 ) and their oxidation regulates some functions; Ala substitution of Met 63 or Met 83 in A9 abrogated its antifungal activity (73) , but preserved its fugetactic activity (45) . Due to its abundance, Met oxidation of A9 may act as a buffer to protect other proteins from oxidative modifications in neutrophil cytosol. On the other hand, further oxidation to Met sulfone is a rare modification described in few proteins to-date, and is considered irreversible (100) .
Generation of distinct modifications following neutrophil activation may occur via different activation pathways that produce various intensities and duration of the oxidative burst (101) , and can be mediated by different mechanisms, possibly dependent on one-or two-electron oxidation (94) . These modifications may regulate particular functions of A9 at different stages of the inflammatory response. Phosphorylated A9, generated during neutrophil activation by receptormediated agonists such as fMLP may mediate translocation of A8/A9 from the cytosol to the plasma membrane and cytoskeleton (93) , and facilitate secretion (87) . On the other hand, prolonged and intense NADPH oxidase activity such as that reproduced in PMA-treated neutrophils (76, 101) may generate A9-SSG, and we propose that A9-SSG is likely released following necrosis and may contribute to the reduction of excessive at MUSC Library, on March 29, 2010 www.jbc.org Downloaded from extravascular neutrophil accumulation. Taken together with the ability of A8-SNO to reduce leukocyte transmigration (48) , our results support the proposal that oxidative modifications, together with the well-accepted structural interactions between A8 and A9, may be critical in regulating the magnitude of neutrophil migration in inflammation, and contribute to its resolution.
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The abbreviations used are: GSH, glutathione; GSNO, S-nitrosoglutathione; GSSG, oxidized glutathione; SNO, S-nitrosothiol; ROS/RNS, reactive oxygen/nitrogen species; AA, arachidonic acid; A, absorbance; NO, nitric oxide; HOCl (Table 1) were observed when the ESI mass spectra (insets) of the peak ( ‡) from PMA-(B) and PMA+ionomycin-(C) treated neutrophils were deconvoluted. A component of 13457 Da was observed in both and may correspond to A9-SSG. Results are representative of separations of neutrophil cytosol preparations from 3 normal donors.
Figure 4:
Immunofluorescence staining of A9 and GSH in neutrophils. (A), A9 (upper panels; red) and GSH (middle panels; green) were detected in resting neutrophils, predominantly in the cytoplasm and around the cell membrane. An overlay of the two images (lower panels) with DAPI staining for nuclei (blue) indicates co-localization of A9 with GSH. Negative control antibodies, rabbit IgG and IgG2a isotype control, showed no background fluorescence (inset). (B), A9 and GSH were detected in the cytoplasm and around the cell membrane of PMA+ionomycin-treated neutrophils; the merged image indicates co-localization of A9 with GSH. (C), A9 was observed in the cytoplasm and around the cell membrane of fMLP-treated neutrophils whereas GSH was mainly cytoplasmic and little co-localization was obvious. (D), In neutrophils activated by opsonized zymosan, A9 and GSH were located predominantly around the cell membrane and the phagosome containing zymosan. The merged image indicates co-localization of A9 with GSH. Scale bar = 28 µm; magnification 1000X. Results are representative of cells from 2 donors that had undergone the same treatments. , assessed by flow cytometry. A9 (horizontal bars) and A9-SSG (vertical bars) treatments increased CD11b, CD18 and CBRM expression, but effects were not significant when compared to untreated controls. Values represent mean fluorescence intensities ± SD of neutrophils from 6 donors; quantitation given in Experimental Procedures. (B), fMLP (checkered bars), A9 (horizontal bars) and A9-SSG (vertical bars) significantly induced neutrophil adhesion to fibronectin in a dose-dependent manner. A8/A9 (black bar) also stimulated neutrophil adhesion but A8/A9-SSG (dark gray bar) and A8 (light gray bar) had no effect. Data represent CI values ± SD of neutrophils from 3 donors; quantitation given in Experimental Procedures. *p < 0.01, fMLP, A9, A9-SSG and A8/A9 compared to the untreated control; **p < 0.01, A8/A9-SSG compared to A8/A9. (5 x 10 4 ) with fMLP (red), A9 (light blue), A9-SSG (dark green) and A8/A9 (dark blue) as given in Figure 7 , generated linear increases in cell index (CI), indicating adhesion to fibronectin; A8/A9-SSG-(light green) and A8-treated (purple) neutrophils had CI"s similar to control (black) values. Results are representative of 3 experiments with neutrophils from 3 donors. 
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